Abstract: A number of 2D Electrical Resistivity Tomographies (ERT) was conducted in northwest and southwest Crete with the aim to model geotectonic features at selected urban sites. The study area is located within the central forearc of the Hellenic subduction zone. Thirteen ERT profiles were realized using the dipole-dipole electrode and/or the Wenner-Schlumberger arrays. In order to model the resistivity distribution, the probability-based electrical resistivity tomography inversion (PERTI) method has been applied. The main features of the PERTI method are: (i) unnecessity of a priori information; (ii) full, unconstrained adaptability to any kind of dataset, including the case of non-flat topography; (iii) independence from data acquisition techniques and spatial regularity; (iv) capability to resolve complex continuous resistivity variation. Since the present case-study is the first application of the PERTI algorithm to locate fault zones and near subsurface irregularities, its routine has been tested using the well-known RES2DINV commercial software as reference. The comparison has shown a common coherence between the results of the two inversion methods and confirmed the better filtering capacity and greater versatility of the PERTI algorithm, already outlined in a number of previous papers dealing with archaeological applications.
Introduction
Several geophysical techniques have been applied worldwide to experimentally determine fault zones and to provide a detailed image of the near subsurface structures in urban environment. In recent years, a large number of electrical resistivity tomographic surveys has been conducted to map fault zones (Storz et al, 2000; Demanet et al, 2001; Lapenna et al, 2003; Rizzo et al, 2004; Nguyen et al, 2007; Caputo et al, 2007; Margiotta and Negri, 2008; Martinez et al, 2009 ). In the frame of this study, the probability electrical tomography imaging approach (Patella, 1997; Mauriello and Patella, 1999 , Alaia et al, 2008 , Mauriello and Patella, 2009 ) is tested using electrical resistivity data in Kastelli-Kissamos basin (northwest Crete) and Paleohora basin (southwest Crete).
Data were acquired in order to model tectonic features and to reveal fault zones (Moisidi, 2009; Moisidi et al, 2013) , within or nearby urban areas that are heavy populated mainly during summer season.
The use of geoelectrical inversion algorithms in highly articulated case studies from a geological point of view is certainly a very complex problem. Furthermore, it must be considered that the 2D inversion of geoelectrical profiles, in situations that may be very different from the assumed twodimensionality, can lead to difficulties in interpretation, even relevant. In areas with very complex geology, there could be significant lateral (or horizontal) variations in the subsurface resistivity, which could cause distortions in the 2-D model obtained that might be, and frequently are, misinterpreted as changes with depth in the subsurface resistivity (Loke, 2004) . To model complex situations, extremely strong constraints must be introduced in the inversion routine. To this purpose, many methods have been proposed over the past two decades, following the classic deterministic approach to solve the problem (Sasaki, 1994; Loke and Barker, 1996; Tsourlos and Ogilvy, 1999; Dahlin, 2001; Papadopoulos et al, 2006 Papadopoulos et al, , 2007 Papadopoulos et al, , 2011 Pidlisecky et al, 2007; Marescot et al, 2008) .
The fundamental aspect is that, in the classical procedures of inversion, a purely deterministic role is assigned to the interpretation process in contrast with the nature of uncertainty that is instead inherent in the process of geophysical measurement and on the basis of which there is the principle of equivalence. Thus, several models can generate the same set of data within the experimental error, albeit small, connected to the measurement. This means that the answer that such software give as output is not the solution of the particular problem as a whole, but of a subclass of it, that is of that problem bound by a starting model chosen a priori as input to the process: if the starting model changes, the final result changes. Moreover, in the case of very complex situations, the introduction of constraints contributes to increasing the non-univocal nature of the result.
An example is found in the previous work (Moisidi, 2009; Moisidi et al, 2013) where the interpretive results obtained with different acquisitions (the dipole-dipole electrode and the WennerSchlumberger arrays) on the same line lead to significantly different sections. As the PERTI algorithm can deal with multiple datasets, independently of the technique used for their acquisition, it also acts as an intrinsic filter. The result is the simultaneous smoothing of the uncorrelated noise and suppression of any correlated phantom effects. In principle, this property derives from the circumstance that such types of disturbances have zero probability of being associated with true anomaly sources within the context of the geoelectrical theory.
The purpose of this work is therefore to verify whether the application of a probability algorithm for resistivity tomography, even within the limits of a non-deterministic reconstruction of the subsoil section, can actually eliminate at least the ambiguity of interpretation of the different acquisition techniques, thus contributing to the definition of the geology of the area. Furthermore, the work aims to provide evidence that PERTI algorithm can minimize images created due to the presence of noise and/or correlated uncertain effects, as commonly appeared in complex near surface urban geostructures.
The PERTI routine has been compared with the results obtained using the well-known RES2DINV commercial software (Loke, 1997) (www.geotomosoft.com) , in which the inversion procedures are based on the smoothness-constrained least squares method (e.g Constable et al, 1987; Tsourlos, 1995; Loke and Barker, 1995; Barker, 1996a, 1996b) and the forward resistivity calculations were executed by applying an algorithm based on a Finite Element Method (FEM).
ERT data were filtered and corrected for anomalous trends and simultaneously inverted for reconstructing the final tomographic model. RMS error is generally used to indicate the quality of the measurement. However, large contrasts in resistivity could insert high RMS errors (>40%) because of numerical instability of the final tomographic solution.
In the following sections, we report a short outline of PERTI method (Mauriello and Patella, 2009) as described in Cozzolino et al (2014) , we describe at first the geological background of Kissamos and Paleohora basins and the ERT acquisition plan, then the PERTI results, the results obtained using the renowned RES2Dinv inversion software (www.geotomosoft.com) and their comparison.
Outline of the PERTI method
The PERTI method is a straight derivation of the probability tomography imaging approach in which the spatial behavior of the resistivity anomaly occurrence probability function ) P ( q is mapped and calculated at a grid of points q P (q = 1, 2, . . . , Q) below the ground surface (Patella 1997; Mauriello and Patella, 1999; Alaia et. al, 2008) : (Loke and Barker, 1995; Mauriello and Patella, 1999) .
In practice, the average apparent resistivity is assumed as the reference uniform resistivity ρˆ.
Therefore, ) P ( q is interpreted as an occurrence probability measure of a resistivity deviation from ˆ at q P . Positive or negative values of ) P ( q give the occurrence probability of an increase or decrease of resistivity, respectively.
The starting assumption for the PERTI method is that the reference uniform resistivity ρ must not be pre-assigned as the mean value of all of the measured apparent resistivities, but assumed to be the unknown true resistivity value q ρ belonging to q-th cell centred at q P . With such an assumption, ) P ( q given in equation (1) 
The most probable real resistivity q ρ at q P , compatibly with data accuracy and density and within the assumed first order Born approximation, is nothing but a weighted average of the apparent resistivity values, using as weights the first-order Frechet derivatives, which depend on the coordinates of the chosen point (Barker, 1992) . A direct consequence of not requiring a priori information and iterative processes is, for the PERTI method, the uselessness of the computation of the RMS error between measured and modelled apparent resistivity values. In fact, the resulting RMS error, whatever it is, can never be lowered within the PERTI scheme. Therefore, a way to judge the modelling capability of the PERTI method is the comparison of its results with those from any of the standardized deterministic inversion tools.
Case studies
Several geophysical techniques have been applied worldwide to experimentally determine fault zones and to provide a detailed image of the near subsurface structures in urban environment. In recent years, a large number of electrical resistivity tomographic surveys have been conducted to map fault zones (Storz et al, 2000; Demanet et al, 2001; Lapenna et al, 2003; Rizzo et al, 2004; Nguyen et al, 2007; Caputo et al, 2007; Margiotta and Negri, 2008; Martinez et al, 2009 ). In the frame of this study, the probability electrical tomography imaging approach is testified using electrical resistivity data in Kastelli-Kissamos basin (northwest Crete) and Paleohora basin (southwest Crete), acquired in order to model tectonic features and to reveal fault zones (Moisidi, 2009; Moisidi et al, 2013) , within or nearby urban areas that are heavy populated mainly during summer season.
The study area is located in western Crete (figure 1) within the central outer forearc of the Hellenic subduction zone. The active tectonic of the area is characterized by the African plate motion relative to Eurasia (e.g Meier et al, 2007) and is characterized by N-S extension (in the late Neogene E-W striking normal faults and ENE-WSW striking, left-lateral strike-slip faults, e.g ten Postma 1999a, 1999b; Fassoulas et al, 2001; ten Veen and Kleinspehn, 2003) and late Tortorian to early Messinian E-W extension (N-S oriented normal fault zones, e.g van Hinsbergen and Meulenkamp, 2006) . In northwest and southwest Crete the extensional basins, filled with breccioconglomerates, are complex multi-fractured neotectonic small scale half-graben basins bounded by N-S fault zones. Moreover, they are bounded by a W-E trending normal fault, and they can be characterized as alluvial fan, submarine steep-faced and basin-plain environments (Seidel et al., 2007) . The characteristic of the basins in these two localities is the subparallel fault blocks mountains separated by broad alluvium-filled half-graben (van Hinsbergen, 2006; Seidel et al., 2007) . The geology of Kastelli-Kissamou and Paleohora are derived from the Institute for Geology and Subsurface Research and the Institute of Geology and Mineral Exploration, respectively.
ERT data were collected using an IRIS-Syscal Jr. Switch 48 instrument that features 48 electrodes, enabling fully automated measurements of the apparent subsurface resistivity, including dipoledipole (DD) and Wenner-Schlumberger (WS) configurations. A detailed description is given in Moisidi (2009) and Moisidi et al, (2012 Moisidi et al, ( , 2013 . In order to accommodate the wide resistivity range detected inside the data sets and to better show order of magnitude changes frequently appeared, a common logarithmic scale has been used for visualization of both apparent resistivity and modelled real resistivity maps (for the use of logarithmic scales in geoelectrics, see, e.g., Chambers et al, 2006) . 
Kastelli-Kissamos area
The geology of the investigated sites in Kastelli-Kissamos area (figure 2) is characterized by: Six ERT surveys using WS and DD configurations were conducted in Kissamos (figure 4): four ERT profiles (T1-T4) in the western and central populated area of Kastelli-Kissamou basin, two ERT profiles (T5 and T6) in the eastern zone of Kissamos (near Nopiogia/Kalidonia). Table 1 lists all of the acquisition parameters for each ERT profile, numbered as in figure 4. For the above configurations, 5 m (which is applied to acquire high-resolution data of the near surface geological structure) and 10 m electrode spacing (a deep model with high shallow resolution) was used to determine the apparent resistivities inverted to a 2D geo-electrical resistivity model. 
Profile name Array Length (m)
Step ( Figure 4 . . This artefact, due probably to the dry conditions of the shallow soils, is less evident in the DD PERTI. The RMS of the ERT profile derived from the DD configuration is 21.7%. In a previous paper (Moisidi et al, 2013) , at about 135 m a 'speculated' N-S striking fault zone (dipping to west) is indicated by sub-vertical changes in the resistivity in the DD profile.
The DD and WS profiles T2 (figure 6) were conducted southern of the profile T1 (see figure 4 ). An electrode spacing of 10 m was used and the total length was 280 m. The DD ERT and DD PERTI profiles provide a very complex near surface structure, with a high resistive anomaly in the centre of the profile. The latter is not so visible in WS PERTI.
The DD ERT profile describes at about 140 m south of the profile (in a horizontal distance along the profile) a high vertical resistive anomaly (dipping to west) with at least 40 m width (120 m to 160 m, in a horizontal distance along the profile). The RMS error of the DD ERT line is 10% after five iterations. The DD PERTI puts in evidence two shallow high resistivity nucleus located at about 120 m and 165 m along the x-axis. Taking into account the apparent resistivity pseudosection in which two inverted "V" with two legs originating from surface at the same coordinates (x=120 m and x=165 m) are visible, we can assume that two buried bodies imaged by the PERTI routine are present in that points.
Since the WS ERT and WS PERTI profiles does not presented any evidence of the previous described anomalies for both the inversion routines, we note that the above assumption is rather The RMS errors of the WS ERT profiles T4, T5 and T6 were 9.4% after six iterations, 5.4% after five iterations and 2.8% after five iterations, respectively.
Concluding, in the Kastelli-Kissamos area, the observed data sets present large resistivity variations that can be explained by the complex geological formations of the investigated urban areas: measurements were collected just over the calcitic bedrock (resistive body) which forms the local urban geological structure, but some part of the bedrock was fractured and fully saturated with seawater (very conductive body). South of Paleohora two DD profiles were performed along the coast of Pahia Ammos (T7) and Grammeno peninsula (T8) to identify the near subsurface structure, which governs the coastal of two peninsulas. Table 2 lists all of the acquisition parameters for each ERT profile, numbered as in Figure 13 . For the above profiles, 10 m electrode spacing was used to determine the apparent resistivities inverted to a 2D geo-electrical resistivity model.
Step ( Table 2 . List of acquisition parameters relative to the ERT profiles drawn in figure 13. In conclusion, in the Grammeno and Paleohora area, the very complex 3-D near subsurface heterogeneities and irregularities caused serious distortion in the lower part of the resulted tomographic model. Those aspects caused the insertion of high RMS (58.8 % in T7 and 98.7 % in T8) in the calculated models by the RES2DINV software during its effort to fit the high variability of measured resistivity. The T7 profile puts in evidence a probable fractured zone saturated with salt water, while the T8 profile (considering the cross-comparison of ERT and PERTI) does not give any information about the presence of faults. Elsewhere conductive materials are present and, considering the resistivity values and the location of the profile (along and close to the coastline), it can be assumed that the fracture zone is saturated with saltwater.
Conclusions
As outlined in previous applications (Amato et. al, 2016; Compare et al, 2009a Compare et al, , 2009b Cozzolino et al, 2012 Cozzolino et al, , 2014 Rose et. al, 2015) , the PERTI method can be considered a self-sufficient procedure, useful to delineate location and shape of the most probable sources of the anomalies detected on the ground surface. The independence from a priori information, the absence of iterative processes, the drastic reduction of computing time with respect to standard deterministic inversion tools, the independence from data acquisition techniques and spatial regularity, the capability to resolve complex continuous resistivity variation make the PERTI algorithm a versatile and objective approach.
While the RAOP algorithm (Mauriello and Patella, 1999 ) was used to imagine faults and geological formations (Alaia et al, 2009; Valente et. al, 2018) , the PERTI routine is here used for the first time.
As testified by the comparison between ERT obtained with the RES2DINV commercial software, the PERTI procedure provided a good performance in drawing geological sections. In different cases, it has been proved that the probability algorithm is independent of the technique used for their acquisition (WS or DD arrays) and acts as an intrinsic filter. It is the circumstance well evident in T1, T2, T7 and T8 profiles in the measured data sets presented in this work. While the ERT obtained with the RES2DINV is in same cases strongly influenced by noise and correlated phantom effects, the PERTI result provides a simultaneous smoothing of the uncorrelated noise and the highlighting of the most representative image of the geological stratigraphy. In principle, this property derives from the circumstance that such types of disturbances have zero probability of being associated with true anomaly sources within the context of the geoelectrical theory.
In general, the results of the applications in Kastelli-Kissamos basin (northwest Crete) and Paleohora basin (southwest Crete) enabled the delineation of shallow fractures in the complex geological environment of the investigated urban areas.
The Kastelli-Kissamos area is characterized by the presence of complex geological formations, testified by the large resistivity variations in the measured data sets, in which there is evidence of a calcitic bedrock that, in some points, is fractured and fully saturated with seawater. Profiles T1, T2, T3, T4 and T5 enhances the occurrence of sub-vertical contacts between the high resistivity bedrock (calcilitic bedrock) and lower resistivity zones. The comparison between the resistivity topographies, the geological and the satellite map (provided by IGSR) allows to state that the boundaries of the anomalies can be related to fault zones.
In particular T1, T2, T3 and T4 results can be extensions of faults zones striking in a segment N-S to NNE-SSW (respectively denoted by F1, F2, F4 and F5 in figure 11 ) and T5 results to the N-S to NNW-SSE striking fault (denoted as F6 in figure 11 ). Figure 11 indicates south of the studied area the presence of fault zones (yellow lines) striking in a segment N-S to NE-SW. Therefore, it is highly prone that the defined fault zones north of the studied area are those faults possible extended from south.
T6 profile does not give any information about the presence of fractures as attested by the crosscomparison of ERT and PERTI results.
The Grammeno and Paleohora area presents very a complex 3-D near subsurface stratigraphy testified by the numerous distortions in the lower part of the resulted tomographic models. While the T8 profile does not put in evidence relevant anomalies, the T7 profile reveals a probable fractured zone saturated with salt water.
Considering that active and inactive faults can behave as a wave-guides in an impinging seismic wave front (Cornier & Spudich, 1984 ) the delineation of faults particular in urban areas is of importance in seismic hazards studies. The overall scenario reconstructed with this study allowed to identify the presence of relevant coseismic effects (shallow faults) and to define, at a sufficiently detailed scale, the stratigraphic and structural features in the two investigated urban perimeters, with particular regard to the reconstruction of thicknesses and geometries of the substrate units, beach or alluvial deposits. The results therefore represent a basic tool that should be carefully acknowledged in assessing local seismic hazard as a function of urban reconstruction and planning projects.
